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INTRODUCTION
Microalgae are a large phylogenetic group of unicellular and multicellular organisms growing under diverse physiological and ecological conditions. They are a major producer of atmospheric oxygen (Kasting and Siefert, 2002) , but can also be regarded as primary sources of natural products including fuels, nutrients, ingredients for cosmetics and pharmacological substances. Accordingly, numerous research efforts have been made to improve microalgal systems for the production of high-value products (Pulz and Gross, 2004; Spolaore et al., 2006; Georgianna and Mayfield, 2012) . Improving both the quality and the yield of these compounds requires a systems-level understanding of cellular growth in order to select and cost-effectively engineer microalgae by rerouting their metabolism (Chang et al., 2011; Dal'Molin et al., 2011) . A profound system-level understanding of microalgae became accessible with the advent of multiple functional genomic techniques (Jinkerson and Jonikas, 2015) and improved analytical high-throughput methods, allowing us to monitor thousands of molecules including transcripts, proteins and metabolites (Renberg et al., 2010; Blaby et al., 2013; Werth et al., 2017) . Often, the study of 'omics' data in biological samples requires large sample volumes to obtain sufficient cells for the various analyses. Industrial-scale production of large numbers of samples is not a bottleneck for 'omics'-wide analyses of microalgae. However, to maximize biological understanding it is crucial to not only understand the bulk behavior of a cellular population of asynchronously growing cultures but also to get access to more homogeneously namely synchronously growing cells. In photoautotrophic microalgae the cell cycle can be synchronized by alternating light-dark cycles, and therefore these algae represent an excellent photoautotrophic system, enabling the time-resolved study of molecular events, physiology and metabolism in homogeneous cell suspensions (Bisova and Zachleder, 2014) .
Most green algae, including the unicellular model species Chlamydomonas reinhardtii (in the following referred to as Chlamydomonas), divide by a multiple fission mechanism, allowing a single mother cell (MC), within one lightdark cycle, to produce between 2 and 32 daughter cells (DCs) (Bisova and Zachleder, 2014; Cross and Umen, 2015) . The multiple fission cycle of Chlamydomonas is characterized by a prolonged growth (G 1 ) phase, during which the cellular volume can increase several fold. G 1 is followed by the division phase in which cells undergo multiple division rounds, each round (n) consisting of DNA synthesis (S phase), mitosis (M phase) and cytokinesis, while a G 2 phase is essentially undetectable (Cross and Umen, 2015) . Thus, within one cell cycle Chlamydomonas can produce 2 n DCs. The number of multiple fissions and DCs has been shown to be controlled by the final MC size, which depends on the growth rate of the culture, as affected by some external parameters, such as light intensity, nutrient availability, and temperature (Craigie and Cavalier-Smith, 1982; Vitova et al., 2011a,b) . Hence, Chlamydomonas provides not only an excellent microbial platform for the investigation of cellular processes like the cell cycle or flagella formation, but also allows us to study the coordination of cellular metabolism. While several studies have focused on the analysis of transcript expression under various stress conditions (Fang et al., 2012; Hemschemeier et al., 2013; Blaby et al., 2015) , a recent study analyzed the transcriptional changes throughout the synchronized cell cycle (Zones et al., 2015) . Unfortunately, metabolites of synchronized Chlamydomonas cells have been studied less frequently (Willamme et al., 2015) , and a detailed study of broad metabolic dynamics in a synchronously growing Chlamydomonas system is still lacking.
In the present study we established a high-throughput two-phase extraction method for the simultaneous extraction of lipids, metabolites, proteins and starch from a single sample for the time-resolved analysis of metabolites and lipids in synchronously growing Chlamydomonas cultures.
RESULTS

Synchrony of the Chlamydomonas strain CC-1690 is affected by temperature
Photoautotrophically growing Chlamydomonas cultures can be synchronized by alternating light and dark cycles. When using CO 2 as the only supply of carbon and light as the only source of energy, light intensity and temperature are the most important factors determining the growth rate and the length of the cell cycle (Vitova et al., 2011a,b) . In the frame of the current study we have selected the Chlamydomonas strain CC-1690 (Sager 21 gr), which is a robust, cell wall forming wild-type (WT) strain, that can grow on diverse nitrogen sources including ammonia and nitrate (Sager, 1955) . To determine the optimal growth and synchronization conditions for this strain, synchronization was performed at two temperatures (30°C and 34°C) using a light intensity of 200 lmol m À2 sec À1 and constant CO 2 aeration ( Figure S1 in the online Supporting Information).
As shown previously (Lien and Knutsen, 1979; Vitova et al., 2011a) , elevated temperature leads to an increase in growth rate. On average CC-1690 cells grown at 30°C multiplied 7.91 AE 0.37-fold, while the culture grown at 34°C increased by 9.71 AE 0.23-fold (Figure 1a ). Additionally, a prolonged cell cycle was observed for the cultures growing at 30°C. While maximum mean cell size and sporulation of cells grown at 34°C began at 10 h, cells growing at 30°C released the first DCs from maximally large cells after 12 h (Figure 1a,b) .
Next to the decreased growth rate and the prolonged cell cycle, a clear deviation in the synchronization process of the cultures grown at 30°C could be observed. These cultures showed partial day sporulation (Schl€ osser, 1966; Lien and Knutsen, 1979 ), starting at 6 h in the light ( Figure S2 ). This premature sporulation consequently led not only to a biphasic size distribution of the cells, leading to premature release of DCs, next to continuously growing MCs, but also to a significant temporary increase in the absolute number of cells between time point 6 (TP6) and TP8 during the day ( Figure S3 ). In contrast, cells growing at 34°C showed a high synchrony, exemplified by a monophasic peak of increasing cell size between 0 and 10 h, with the first DCs appearing after 12 h ( Figure S2 ). Accordingly, the 34°C growth conditions were chosen for further experiments.
Benchmarking the cell cycle of synchronized Chlamydomonas cells
To validate the growth behavior of the CC-1690 cultures, the cell number and cell size (volume), DNA content (Doyle and Doyle, 1987) and mitotic state (Umen and Goodenough, 2001 ) of the synchronized cells were analyzed.
The mean cell volume (MCV), which exponentially increases between 0 and 10 h in the light, displayed a doubling time of 3.36 AE 0.12 h (Figure 1a , red line). During this period the number of cells remains stable, indicating that this period of the cell cycle spans the prolonged G 1 phase (Cross and Umen, 2015) . Parallel to the increase in the MCV, the DNA content of the cells was measured. In agreement with previously published data (Gallaher et al., 2015) , CC-1690 DCs contained 0.2 pg DNA per cell. This concentration increased during the first 4 h of the light phase and stabilized between 4 and 6 h before starting to rise exponentially between 6 and 12 h (Figure 1c ). This biphasic behavior has already been described for Chlamydomonas and is explained by the initial synthesis of plastidic DNA followed by the second period of DNA synthesis, mostly chromosomal DNA (Chiang and Sueoka, 1967; Grant et al., 1978) . The ratio between the increment of plastidic-and chromosomal DNA is 15:85, confirming that the majority of synthesized DNA is of nuclear origin (Figure 1c) .
To determine the onset of M phase, the mitotic state of the cells, characterized by the appearance of cleavage furrows (Umen and Goodenough, 2001) , was microscopically measured. The first cells with a cleavage furrow appear at 8 h in the light, while the first release of DCs, indicating the beginning of the sporulation (SP) phase, can be detected at 10 h in the light (Figure 1c ). The SP phase, which relies on the synthesis and activation of a lytic enzyme (Matsuda et al., 1995) , is accomplished after 16 h (Figure 2) .
Determination of the commitment point of CC-1690 cells
Cell growth and cell size are the main determinants of the number of cells produced from a single MC (Bisova and Zachleder, 2014; Cross and Umen, 2015) . To determine the critical cell size, namely the size which cells need to obtain to undergo the first round of division, synchronized cultures were probed in duplicate at time points (TP) 0, 2, 4 and 6 h during the light phase. One aliquot was used to determine cell volume and cell number, while the second aliquot was placed in the dark. Without any light, only cells that achieve a critical cell size, and hence pass the commitment point (Bisova and Zachleder, 2014; Cross and Umen, 2015), will be able to divide into new DCs. After incubation of about 20 h in the dark, the number of released DCs was measured and compared with the values obtained for the initially probed MCs. From these values, the DC/MC ratio was calculated and plotted as a function of the MC size ( Figure 1d ). These results show that a critical MC size of about 300 lm 3 is required to undergo at least one round of cytokinesis. This MCV, which indicates the size required to pass the commitment point, is obtained after 4 h in the light. All benchmarked cell cycle phases are mapped in an overview illustration (Figure 2) , which in the following will be used to align the measured metabolic signatures.
A workflow for the extraction of metabolite, lipid, starch and protein from a single Chlamydomonas sample Next, we adopted a previously developed methyl tert-butyl ether (MTBE)-based extraction protocol (Matyash et al., 2008; Giavalisco et al., 2011) for use with Chlamydomonas cells. In the current workflow Chlamydomonas cells were harvested by centrifugation, but the protocol can also be used with any other strategy for the fast and reproducible sample collection (Huege et al., 2011; Hemme et al., 2014) , especially if labile metabolites like sugar phosphates are to be measured (Arrivault et al., 2009) . The recently updated version of the MTBE method allowed for the simultaneous extraction of chlorophyll, proteins, starch, polar and semipolar metabolites, lipids and cell wall components from 25 lg of plant tissue (Salem et al., 2016) .
In order to validate the suitability of the plant method for Chlamydomonas samples, we tested the extraction efficiency of selected compounds (chlorophyll, starch and proteins) by comparing the quantity and reproducibility of the MTBE method against commonly used extraction methods.
MTBE extraction of the cells provides similar total chlorophyll recovery to a commonly used methanol extraction protocol (Porra et al., 1989) . However, while complete extraction of chlorophyll is not obtained in a single 15-min extraction using methanol, the MTBE method had already retrieved 98% of the chlorophyll within a single extraction step ( Figure S4 ).
We further validated the efficiency and reproducibility of the extraction of starch and proteins from the precipitated pellet obtained from the MTBE extraction methods. Here two options were followed: extracting starch first then proteins or vice versa. The results were clear: if starch extraction preceded extraction of proteins, an almost complete loss of protein recovery (>90%) was observed. In contrast, full recovery of both compound classes was achieved if the proteins were extracted first (Figure S5a, b) . After the complete recovery of starch and proteins, two-dimensional gel electrophoresis was used to validate the quality of the extracted protein fraction (Giavalisco et al., 2005) . As can be seen from the gel picture, there are no detectable traces of degradation or horizontal or vertical streaks ( Figure S5c ), indicating that the extracts were of high quality. Figure S6 summarizes the robust, high-throughput extraction of multiple compound classes from a single sample of Chlamydomonas cells.
Experimental set-up to determine metabolomic dynamics during the cell cycle of Chlamydomonas
To access the metabolic dynamics across various stages of the cell cycle synchronized CC-1690 cultures were independently grown in three fermenters. Samples were harvested at nine time points during the light period, while six time points were sampled in the dark period ( Figure 2 ). For each time point two independent replicates were sampled per fermenter, providing a total of 90 samples.
The polar phase was collected for GC-MS-based analysis of polar metabolites, while the lipid phase was used for lipidomic analysis. The insoluble pellet was employed for the quantification of starch.
Primary metabolism of synchronized Chlamydomonas cells shows a cyclic behavior
The GC-MS analysis of metabolites resulted in the annotation of 65 compounds associated with central carbon and nitrogen metabolism (Table S1 ). To obtain a global overview of the information contained in the data, we performed a principal component analysis (PCA) using the average of the six replicates of each metabolite measured per TP. The PCA, which enables visualization of multidimensional data by transforming the original data into orthogonal vectors with the first covering the largest underlying variance in the dataset, shows a clear separation along principal component 1 (PC1). This PC separates the cells harvested in the light period (TP0.25-11) and those harvested in the dark (TP12-24; Figure 3a ). Interestingly, next to the separation of the cells derived from the light and the dark phase, further time clusters could be detected in the plot. The very early light phase (TP0.25-1) separated from the mid light phase, namely TP2 and TP4-6, and these again separated from the late light phase (TP8-11). Furthermore, the first sample taken in the dark (TP12) seems to be still more similar to the late light phase samples then to the next dark sample (TP14). In sum, the whole plot provides a clear cyclic pattern, but not necessarily split into the previously determined cell cycle phases (Figure 2) . Interestingly, the cycle is also not fully closed, which is explained by the fact that the cells from TP24 are harvested in the dark, while the cells of TP0.25 have already been exposed to 15 min of light. This clearly indicates that this short light exposure significantly changes the global primary metabolite composition of the cells.
Some molecular patterns of the central carbon metabolism are specific, while others are masked due to convoluted pathways
The PCA data showed that the global metabolite pattern is driven by a combination of light-dark transitions and cell cycle-induced changes. To better understand these changes we looked in more detail at the intensity distributions of the individual compounds.
A gold standard of a light-regulated compound, the distribution of transitory starch, was used. Starch is known to continuously accumulate during the light and is degraded throughout the night (Ral et al., 2006) . Interestingly, no metabolites associated with gluconeogenesis, glycolysis or tricarboxilic acid (TCA) cycle and no intermediates of starch synthesis or degradation showed a pattern similar to that observed for starch (Figure 4) . While glucose-6-phosphate and fructose-6-phosphate show two distinct maxima, peaking at TP6 (onset of the S phase) and TP12 (onset of the dark phase), glucose showed no distinct accumulation during the day but peaked at the light-dark transition, similar to the two sugar phosphates. This peak at TP12 is clearly related to the initiation of starch breakdown, which starts immediately after the light-dark transition (Figure 4 ). Unlike glucose, sucrose concentration was not immediately affected by the release of glucose from the starch, but shows a peak at TP14, indicating that the metabolic flow into sucrose is delayed by 2 h compared with glucose. Similar to glucose and the hexose phosphates, other breakdown products from starch, namely maltotriose, isomaltotriose and maltose, accumulate around the transition from light to dark. Their accumulation pattern mirrored exactly the pattern observed for glucose, showing a maximum at TP12 and a shoulder at TP14 (Figure 4 ). This biphasic pattern at TP12-14 was not detectable in maltose, which, next to the maximum detected at TP12, also showed an additional accumulation during the day at TP2-6. This observed accumulation somehow matches the intermediate lag phase in the starch accumulation, possibly indicating that here a partial breakdown of starch might take place or, even more likely, photosynthesis-dependent maltose formation opens a second path (Figure 4) .
Three of the five detected TCA cycle intermediates, namely 2-oxoglutarate, succinate and malate, showed a biphasic pattern during the cell cycle. The total levels of citrate and fumarate, which both can accumulate in various subcellular compartments (Johnson and Alric, 2013) , posses a complex pattern in the light-and in the dark phase (Figure 4) . Similarly, the intermediates from the lower part of the glycolysis, namely from 3-phosphoglycerate to pyruvate, exhibited significant oscillations with no cell cycle phase-specific pattern. Contrary to these, dihydroxyacetone phosphate displayed similarities to the starch breakdown products, which accumulated immediately after transition to the dark.
Nitrogen metabolism: most amino acids peak at the commitment point, while nucleic acid precursors peak at the beginning of S phase Unlike the compounds of the central carbon metabolism, most of the measured amino acids exhibited a distinct intensity distribution throughout the cell cycle. The pattern of the majority of amino acids possessed one maximum at TP4 ( Figure 5 ). Interestingly, this peak corresponds to the commitment point of the cell cycle, suggesting that crucial amino acids need to reach a certain threshold before commitment to S phase is obtained.
Next to the group of amino acids showing a single, or at least a predominant, maximum at TP4, other amino acids possessed a clear bimodal profile with two maxima, one at TP4 and a second at TP10 (Figure 5 ). This oscillation in amino acid intensities seems to match to the onset of the S phase (TP6, Figure 2) , where not only synthesis of DNA but also DNA-binding proteins, especially histones, takes place. Interestingly, the second peak observed around TP10 coincided with the onset of the SP phase (Figure 2) , which possibly is explained by the transient decrease in protein translation rate during at the onset of sporulation.
Three amino acids, namely the aromatic amino acids Trp, Tyr and Phe, showed a completely unrelated accumulation pattern. These compounds remained almost unchanged for most of the cell cycle ( Figure 5 ). Surprisingly, two of the three aromatic amino acids, namely Tyr and Phe, which are both derived from prephenate, exhibited a threefold increase at the beginning of the light phase (TP0.25-0.5), which is difficult to explain. In contrast Trp, which can be derived from ribose-5-phosphate, shows an increase between TP16 and TP20 (G 0 ), where most of the other amino acids were unchanged. Interestingly ribose-5-phosphate, which is also required for histidine synthesis, shows a different pool size pattern from the hexose phosphates, since it accumulated during the day with a maximum at TP6. This pattern perfectly correlates with the onset of S phase, where ribose-5-phosphate functions as a precursor for the synthesis of pyrimidine ( Figure 5 ).
Lipidomics reveal unexpected lipid species and a clear cyclic behavior of the global lipid expression pattern
The MTBE phase was used for the UPLC-MS-based measurement of lipids . Using this fraction we were able to tentatively annotate 212 lipid species (Table S2 ) associated with nine lipid classes including diacylglycerol (DAG), digalactosyldiacylglycerol (DGDG), monogalactosyldiacylglycerol (MGDG), sulfoquinovosyldiacylglycerol (SQDG), diacyclglyceryl-N,N,N-trimethylhomoserine (DGTS), triacylglycerol (TAG), phophatidylglycerol (PG), phosphatidylethanolamine (PE) and fatty acid (FA).
Most of the lipid species described thus far (Nguyen et al., 2013; Li-Beisson et al., 2015) were detected in the present study, next to lipids that have not yet been reported for Chlamydomonas. Accordingly, we detected, even though at levels several fold lower, plastidic lipids (MGDG, DGDG and SQDG) with 36 carbon molecules in their two FA chains (Table S2) . These results seem to indicate that the sn-2 position of plastidial lipids is mainly, but not necessarily, exclusively, bound by FAs with 16 carbon molecules in the acyl chain (Li-Beisson et al., 2015) . How relevant these observations of the low-abundant 36 carbon-containing lipids are and what kind of FAs they contain remains to be determined by more detailed MS/MS analysis (Nguyen et al., 2013) .
To obtain a global overview of the structure of the timeresolved lipid data, a PCA analysis was performed. The plot displays a clear cyclic behavior of the time points separated in a chronologically distinct pattern (Figure 3b) . Interestingly, the first six TPS, spanning the G 1 to early S phase (TP0.25-6) were linearly knotted, while TP8-14 all were synchronized by a 12-h:12-h light-dark regime. The dark phase is indicated as a gray background. Samples are represented as mean AE standard error (n = 6). Green colored metabolites are predicted to be localized in the chloroplast, metabolites with blue color labels are predicted in the cytosol, while red colored metabolites are predicted in the mitochondria. Abbreviations: 2-OG, 2-oxoglutarate; 2-PGA, 2-phosphoglycerate; 3-PGA, 3-phosphoglycerate; DHAP, dihydroxyacetone phosphate; F-1,6-BP, fructose-1,6-bisphosphate; F6P, fructose-6-phosphate; G1P, glucose-1-phosphate; G3P, glyceraldehyde-3-phosphate; G6P, glucose-6-phosphate.
cluster together. Interestingly, this dense cluster could be fully resolved once the TAGs were removed from the data set ( Figure 3c ). This indicates that these lipid species dominate the lipid pattern at this cell cycle phase.
Lipids dynamics: storage lipids are actively synthesized during the day and consumed during the night Analyzing the distribution of the summed lipid classes in more detail led to the observation of three main distribution patterns. Two of the three plastid-associated lipid classes, namely MGDG and SQDG, next to the main endoplasmic reticulum (ER)-synthesized membrane lipid class, DGTS, increased steeply at the beginning of the light phase (TP0.25) (Figure 6 ). The level then gradually decreased until the beginning of the M phase (TP10) and finally remained constant throughout the dark exposure. Similar, but still different, was the distribution of the two membrane lipid classes (PG and PE) next to the third plastidic membrane lipid class (DGDG). These three lipid classes also started with a relatively high concentration, but the level continued to increase until TP2. After TP2 these lipid classes showed, similar to MGDG, SQDG and DGTS, a gradual decrease until TP10, before staying almost unchanged throughout the dark phase of the cell cycle. Clearly, this pattern seems to indicate an increased level of cytosolic and plastidic membrane lipid synthesis in the early light phase, followed by a constant level throughout the remaining cell cycle. Contrarily, patterns of the storage lipids (TAG) deviated from those observed for the membrane lipids. This lipid class built up very steeply during the first 2 h of the light phase, before being almost completely consumed to its initial level until TP8 (Figure 6 ). This first lipid degradation was followed by a second phase of TAG accumulation (TP8-12), before continuously decreasing the level until TP16 (onset of G0). Precursor molecules of the TAGs in the light, namely the DAGs and the FAs, which later on become breakdown products of the TAGs during darkness, seemed to be almost unaffected in the light period. Contrary to this, it became obvious that the levels of DAGs and FAs were inversely correlated to the concentrations of the TAGs in the dark (Figure 6 ). Both compound classes were increasing at the beginning of the dark phase, which seems to be driven by the TAG breakdown. Even more striking was the observation that three further breakdown products of the TAGs, namely glycerol, glycerol-3-phosphate and dihydroxyacetone phosphate, which have been measured by GC-MS, also matched the breakdown pattern of the main storage lipid exactly ( Figure 6 ).
DISCUSSION
Synchronous release of DCs does not imply synchrony of the MCs throughout the cell cycle
In the present report, a simple and reproducible system for the synchronous growth of Chlamydomonas cell cultures has been developed. To determine the optimal growth and cell cycle synchrony conditions of the selected Chlamydomonas strain CC-1690 two temperature regimes, namely 30°C and 34°C, were tested. As a read out for comparison of the effect of those two temperature settings on growth and synchronization the cell number, MCV and MCV distribution were analyzed (Figures 1 and S2 ). From these data it became clear that unlike strain CC-5152, which was used for high-resolution transcript profiling of synchronized Chlamydomonas cultures (Zones et al., 2015) , strain CC-1690 required a higher temperature for optimal and fully synchronous growth (Figures 1 and S2) . Accordingly, we observed that the growth rate was increased by more than 55% at 34°C, while strain CC-5152 showed optimal growth at 28°C (Zones et al., 2015) . Interestingly, the results for CC-5152 are in line with results for the strain CC-125 (Vitova et al., 2011a) , while our results are in agreement with results obtained from Lien and Knutsen (1979) , where optimal growth for their strains was obtained at 35°C.
In this context, we also observed a phenomenon previously described as 'day sporulations' of DCs (Schl€ osser, 1966; Lien and Knutsen, 1979) , which can easily be overlooked if only the release of the bulk of DCs is monitored. A comparative analysis of the mean cell number of the synchronized cells cultivated at 30°C or 34°C (Figure 1a) showed that the release of DCs was apparently delayed by 2 h in the 30°C culture, but synchrony of DC release did not seem to be affected. Only a detailed analysis of the MCV distributions ( Figure S2 ) revealed that the synchrony of the cells growing at 30°C is broken at 6 h by the appearance of prematurely released DCs. These results indicated that, even though there are well-defined protocols for the efficient synchronization of Chlamydomonas cells, the performance and synchrony individual strains might show significant differences.
A single extraction method for the analysis of multiple compound classes
A prerequisite for the detailed, systemic analysis of a biological sample is a robust and high-throughput-compatible extraction method for multiple cellular components. We used a previously developed plant tissue extraction method (Salem et al., 2016) for the extraction of chlorophyll, lipids, metabolites, proteins and starch from a single sample of Chlamydomonas cell cultures ( Figure S6 ). The use of such an extraction method offers several advantages for multiple-omics data analysis, since it not only minimizes the number of sample aliquots required for broad systems biological analyses but also reduces the variability between the analytical results. This means that we can directly compare the results obtained from the primary metabolites with the lipid or proteomics data, since they were obtained from exactly the same sample aliquot.
Accordingly, the extraction of multiple compound classes from the same ample aliquot can also be beneficial for a proper and uniform normalization strategy for the different data sets. This is especially relevant if normalization cannot be done to dry or fresh weight (Allwood et al., 2009) or cell number. Chlamydomonas cells, which divide by a multiple fission mechanism represent exactly one of these critical organisms, since their cell number is not changed during the first 10 h in the light phase, while cells are significantly growing in mass (Figure 1a,b) . To be able to compare the concentration of the different molecular compounds within and between the different time points of the cell cycle it is necessary to adjust the analytical measurements to an equivalent cell number or biomass. Luckily, the chlorophyll concentration is highly proportional to cell number and biomass accumulation ( Figure S7 ) indicating that this molecular entity, which is extracted simultaneously with the other components, can therefore be used as a highly accurate normalization factor for cell number throughout the whole cell cycle.
Metabolomic dynamics of synchronous Chlamydomonas cultures provide insight into regulatory network and uncover marker compounds for specific cell cycle phases Time-resolved analysis of transcripts from synchronized Chlamydomonas cell cultures has provided insight into the convoluted transcriptional networks controlling several cellular processes (Zones et al., 2015) . Similarly, we have shown here that the time-resolved analysis of metabolites and lipids reveals molecular entities with quite distinct accumulation patterns throughout the cell cycle. So we could clearly show that several amino acids did not respond to the onset of light and dark (as does starch) but had maximum levels during specific cell cycle phases (Figure 4) . Accordingly, these amino acids exhibited a distinct maximum at the commitment point (TP4), followed by an immediate decline, suggesting the consumption of these metabolites, mainly for the synthesis of proteins for the start of the S phase (Figure 2) . Similar to the marker molecules for the CP, we also detected marker molecules for the onset of S phase (TP6), where ribose-5-phosphate peaked ( Figure 5 ). Additionally, we found that malate and succinate showed a distinct minimum at the beginning of M phase (TP8) (Figure 4 ). The onset of sporulation (TP10) is indicated by several significantly peaking amino acids, for example Glu or Asp ( Figure 5) .
Interestingly, next to the molecular prediction of cell cycle phases, the molecular dynamics of metabolites and lipids clearly allowed the determination of cellular networks. The degradation of storage lipids at the end of the light phase (TP12) leads to a significant, temporal, accumulation of breakdown product, namely DAGs, FAs next to glycerol, glycerol-3-phosphate and dihydroxyacetone phosphate, which increased, while TAGs were decreasing (Figure 6 ). This example also demonstrates the advantage and strength of quantifying several molecular entities, like lipids and primary metabolites, using the same aliquot of the biological sample.
Contrary to these significantly changing metabolites, other metabolites do not show distinct metabolic signatures (Figure 4-6) . These unspecific patterns might be explained by the fact that several of these molecules are utilized in several convoluted pathways, and therefore the measurement of their response patterns just reflects the total cellular pools. To disentangle these merged pools, it might be useful to employ subcellular fractionation techniques (e.g. non-aqueous fractionation) (Krueger et al., 2011 (Krueger et al., , 2014 . Unfortunately, these methods require large sample amounts and are therefore not necessarily well suited for time-resolved cell cycle dynamic analysis. An alternative approach could be to include targeted measurements of metabolites unique for selected pathways of interest, to distinguish between specific and convoluted responses. Accordingly, it could be possible to target Calvin-Benson cycle metabolites or metabolites from nucleotide, starch or FA synthesis (Bajad et al., 2006; Arrivault et al., 2009; Paglia et al., 2012; Yuan et al., 2012) by using specific chromatographic methods.
Last, but not least, it would be desirable to make use of the protein fraction from the insoluble pellet and expand the analytical spectrum by including proteomics measurements, providing not only information on the final metabolic products but also on the enzymatic machinery behind it (Salem et al., 2016) .
EXPERIMENTAL PROCEDURES Synchronization of Chlamydomonas liquid cultures in fermenters
Chlamydomonas reinhardtii cells of the WT strain CC-1690 mt+ were stored and preserved on solid Tris acetate phosphate (TAP) or high-salt medium (HSM) plates (Harris, 2009) .
Experiments were started from pre-cultures by taking cells from solid plates and transferring them to sterile HSM (Harris, 2009 ). Precultures were grown on a rotary shaker at 24°C at 100 lE m À2 sec
À1
continuous light until a cell density of 5 9 10 6 cells ml À1 was reached.
For the synchronization, a custom-made fermenter system (Glasbl€ aserei M€ uller, http://glasblaeserei-mueller.de/) was used. Each fermenter consists of a double-walled glass vessel, connected to a recirculating cooler, to maintain constant temperature. Stable CO 2 concentration of 2% (v/v) was achieved by aerating the growth medium with CO 2 -enriched air ( Figure S1 ).
To initiate synchronization, a pre-culture was added to the fermenter in HSM medium giving a density of 1 9 10 6 cells ml À1 . Synchronization was achieved by growing the culture under a 12-h:12-h light-dark regime at 200 lmol m À2 sec À1 (Lumilux Cool White, 30W/840, Osram, https://www.osram.com/) and a constant temperature of either 30°C or 34°C. At the end of each 24-h cycle, the culture was re-diluted to 1 9 10 6 cells ml À1 with fresh HSM medium. After four rounds of light-dark cycles synchrony of cultures was obtained and experiments were conducted.
Determination of cell cycle parameters
Cell number and MCV were determined with a Z2 Coulter Particle Counter (Beckman Coulter, https://www.beckmancoulter.com/), using a size range between 30 and 1900 lm 3 . DNA was extracted using the cetyl trimethylammonium bromide (CTAB) method as described previously (Doyle and Doyle, 1987) .
The mitotic state and commitment point were determined as described previously (Umen and Goodenough, 2001; Oldenhof et al., 2007) .
Extraction of chlorophyll, lipids and primary metabolites
Primary metabolites, chlorophyll and lipids were extracted with minor changes as described elsewhere (Salem et al., 2016) . Snapfrozen cell pellets, harvested by centrifugation from (10-50) 9 10 6 cells, were resuspended in 1 ml of pre-cooled (À20°C) MTBE extraction solution [methanol:methyl tert-butyl-ether (1:3, v/v) mixture] (Biosolve, http://www.biosolve-chemicals.eu/) containing internal standards as described previously (Salem et al., 2016) .
The resuspended cell pellets were immediately mixed before ultrasonification in an ice-cooled water bath for 10 min. Then the samples were incubated for 1 h on an orbital shaker at 4°C. To induce the liquid:liquid-phase separation, 650 ll of UPLC-grade methanol:water (1:3, v:v; Biosolve) was added to the homogenate. Following mixing, samples were centrifuged at 20 000 g for 5 min at 4°C in a table-top centrifuge. The addition of the methanol:water mixture resulted in a separation of an upper MTBE phase, containing lipids and chlorophyll, a lower phase, containing the polar and semi-polar metabolites, next to a solid pellet at the bottom of the Eppendorf tube. The solid pellet contains the precipitated proteins next to starch and other insoluble polymers, such as cell wall fragments (Salem et al., 2016) .
For further analysis 500 ll of the MTBE phase and 650 ll of the lower, aqueous phase were transferred to fresh 1.5-ml Eppendorf tubes. If samples were supposed to be analyzed immediately they were dried in a SpeedVac and resuspended in the proper resuspension buffer. If the samples were to be stored for days to weeks, the lipid phases should be kept in MTBE solution at À20°C. The polar aliquots were dried in a SpeedVac concentrator before storing the pellets at À80°C. The solid pellet was frozen in liquid nitrogen and stored at À80°C until further extraction. To measure the impact of a possible contamination derived from the extraction procedure itself the entire extraction procedure was additionally performed with two to four empty, sample-free Eppendorf tubes (method blank).
Determination of polar metabolites using gas chromatography coupled to mass spectrometry For analysis of the samples, the dried pellets were derivatized and analyzed using a previously described gas chromatography-timeof-flight mass spectrometry (GC-TOF-MS) method (Krall et al., 2009) . All chromatograms were processed using Pegasus Chroma-TOF software, while retention index calculation was based on the fatty acid methyl esters, and peak annotation was performed using mismatch software (Krall et al., 2009; Krueger et al., 2011) . For the compound annotation, exported spectra were compared with spectra derived from authentic chemical standards. For the quantitative comparison, the peak height of at least one unique mass was extracted from the spectrum. This value, together with the matching factor for each compound, was exported as an Excel file. At the end of the analysis procedure all compounds were manually validated to remove ambiguous assignments and to only maintain high-quality peak annotations.
Determination of lipids
The dried pellets were resuspended in a volume of 300 ll of a mixture of acetonitrile:isopropanol (7:3) (Biosolve), before processing as described previously Salem et al., 2016) . Chromatograms were further processed using Excalibur software, version 2.30 (Thermo-Fisher, https://www.thermof isher.com/) and Progenesis CoMet software, version 2.4 (Nonlinear, http://www.nonlinear.com/). Peaks were annotated according to their accurate mass and their systematic, lipid class-specific retention time . For some lipid species, more than one peak was detected having the same m/z and identical adducts but different retention times. In these cases, we named 
Determination of the chlorophyll content
To determine the chlorophyll content, 100 ll of the MTBE phase was mixed 1:10 (v/v) with 90% methanol and measured using an UV-VIS spectrometer at wavelengths of 665 and 652 nm to distinguish between chlorophyll a and chlorophyll b. Chlorophyll a, b and total content were determined using the equations described by Bar-Nun and Ohad (1980) .
Extraction and determination of starch content, protein concentration and quality
For determination of total protein and starch content, the solid pellet was extracted in a two-step procedure as described in detail previously (Salem et al., 2016) . For quality control of the extracted protein, denaturing two-dimensional gel electrophoresis was performed as described previously (Giavalisco et al., 2005) .
Filtering and normalization of the metabolomics and lipidomic raw data
Three filtering criteria were applied to remove the noise and contaminants from the data. The first filter concerns contaminants. Therefore, every metabolite or lipid whose average peak height was lower than the average peak height of the method blanks was removed from data. In a second step, metabolites or lipids for which 50% of the values were below 500 (primary metabolite) or 1000 (lipids) arbitrary counts, respectively, were removed from the data. Third, metabolites or lipids which had more than one TP with more than 50% missing values were removed.
To compare the relative concentration of metabolites under different growth stages it is necessary to normalize the data to the same number of cells. For this purpose normalization was done to the extraction volume (metabolites ml À1 ), followed by a normalization to the internal standards (1,2-diheptadecanoyl-sn-glycero-3-phosphocholine as a standard for lipid normalization and [U-
13 C] sorbitol for the polar metabolites analyzed by GC-MS) Salem et al., 2016) . In a final step, metabolite intensities were normalized to the chlorophyll content of each extracted sample.
Statistical data analysis
Data were analyzed using Excel (Microsoft, https://www.microsof t.com/). Principal component analysis was performed using SIMCA (Umetrics, http://umetrics.com/).
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